Ferroelectricity-the switchable intrinsic electric polarization-has not yet been attained in a metal experimentally and is in fact generally deemed irreconcilable with free carriers, although polar metal has been achieved recently. Multiferroic metal has never even been proposed though multiferroics have been widely investigated. Here we report a room-temperature coexistence of multiferroicity and metallic behavior in PbNb0.12Ti0.88O3-δ films. The oxygenvacancy-induced electrons become delocalized and ameliorate the ferromagnetic properties of these films, whereas they fail to vanish the polar displacements nor the individual dipole in each unit cell. This concurrent appearance of multiferroicity and metallicity is also confirmed by our 2 first-principles calculation performed on 12.5% Nb-doped PbTiO3 with oxygen vacancies. These findings break a path to multiferroic metallic materials and offer a potential application for multiferroic spintronic devices.
INTRODUCTION
Ferroelectric-like structure in a metal, proposed by Anderson and Blount in 1965 1 , had been thought mutually incompatible because the free carriers would extinguish the polarized charges 2 .
Surprisingly, several polar metals have been accomplished in recent years. For example, the ferroelectric-like structural transition in high-pressure-synthesized metallic LiOsO3 3 , the retained ferroelectricity in a high electron concentration titanium oxide BaTiO3−δ 4 , the ferroelectric switching in two-or three-layered metallic WTe2 5 , and the simultaneous coexistence of a polar structure and metallicity in BaTiO3/SrTiO3/LaTiO3 6 superlattice, NdNiO3 7 , and Ca3Ru2O7 8 were reported. Gu et al. 9 have proved the PbTi0.88Nb0.12O3 ceramic target with 12% Nb for deposition was the optimized one to show the coexistence of polar and metallicity along the out-of-plane (OP) direction. In addition to experimental realizations, a polar metal structure has also aroused broad interest in theoretical design for their potentially unconventional optical responses, magnetoelectricity, and superconductivity properties [10] [11] [12] [13] [14] [15] [16] .
On the other hand, multiferroic materials-possessing more than one of the ferroelectricity, magnetic ordering, and ferroelasticity simultaneously-have been found in heterostructures and composites [17] [18] [19] [20] [21] [22] [23] , especially in that with perovskite structures, like YMnO3 24 , BiFeO3 25,26 , BiMnO3 [27] [28] [29] [30] , and EuTiO3 31 . These compounds bearing rich functionality present promising applications in sensors and high-performance storage devices. Thus, the achievement of multiferroic metal promotes to reveal the mechanism of ferroelectric, magnetic, and structural order parameters coupling, and offer new design to spintronic multiferroic devices.
As far as we know, multiferroic metal has never even been proposed yet. Here, we report an observation at room-temperature of the coexistence for the multiferroicity and metallicity in PbNb0.12Ti0.88O3-δ (PNTO3-δ) films on Nb-doped SrTiO3 (SNTO) substrates. Distinguishable magnetic hysteresis loops are captured even at the ambient temperature. Piezoresponse force microscopy (PFM) results prove the intrinsic switchable electric polarizations in these films, together with the characterization by scanning transmission electron microscopy (STEM) and second-harmonic generation (SHG) technology. Distinct ferroelectric hysteresis loops demonstrate the ferroelectricity with spontaneous polarization. Moreover, electric transport results reveal evident metallic behaviors for these PNTO3-δ films in the direction perpendicular to the sample surface. Our first-principles calculation further illustrates that 12.5% Nb-doped PbTiO3 with oxygen vacancies (Vo) is a half metal with spontaneous polar displacements, and that the delocalized electrons at the dxy orbitals of Nb and Ti atoms induce the ferromagnetism.
EXPERIMENTAL SECTION

Film Growth.
The PNTO3-δ films were deposited on (001)-oriented 0.7 wt% SNTO substrates under 6 Pa and 4 Pa oxygen partial pressures using a Laser-MBE system. The deposition temperature was set to 520 ℃ and the laser energy density was fixed at ~1.2 J/cm 2 . Before cooling down to room temperature, all heterostructures were annealed in situ at the deposition condition for 20 min to ensure the stoichiometry. The thicknesses of these films are ~100 nm, controlled by the deposition time.
X-ray Characterization.
The X-ray diffraction (XRD) and X-ray diffractometry reciprocal space mapping (RSM) analyses were performed using a Rigaku SmartLab (8 kW) Highresolution (Ge 220 × 2) X-ray Diffractometer, with the wavelength of the X-ray is 0.154 nm.
Physical Properties. Electric transport properties were measured using a Physical
Properties Measurement System (PPMS, Quantum Design) with the temperature ranging from 10 K to 360 K. Au/ PNTO3-δ/SNTO sandwich structures were made with the Au electrode diameter of ~750 um. During the experiments, a current of 1 μA was applied using a SourceMeter (2400, Keithley) and the voltages were measured by a NanovoltMeter (2182A, Keithley). PPMS was also used to acquire the magnetic properties and the diamagnetic contributions from the substrates were removed. 
Scanning Transmission Electron
Ferroelectric Hysteresis Loops. We employed a ferroelectric tester (Radiant
Technologies, Premier Ⅱ) to acquire the ferroelectric hysteresis loops of the Au/PNTO3-δ/SNTO sandwich structures under the capacitance configuration. The ferroelectric hysteresis loops were 5 derived by subtracting one hysteresis loop from another inverse one to minimize the removable charges contribution on the polarization signals. The measuring frequencies were set to 10 kHz.
Second-harmonic Generation.
Far-field SHG polarimetry measurements were performed in the typical reflection geometry 32 . The incident laser beam was generated by a Spectra Physics Maitai SP Ti:Sapphire oscillator with the central wavelength at 800 nm (~120 fs, 82 MHz).
The incident laser powers were attenuated to 70 mW before being focused on the films. Both incidence angle and reflection angle were fixed at 45°. The polarization direction φ of the incident light field was rotated by a λ/2 wave plate driven by a rotational motor. Generated second-harmonic light field reflected were firstly decomposed into p-polarized and s-polarized components, noted as p-out and s-out, respectively. After spectrally filtered, the second-harmonic signals were detected by a photo-multiplier tube. The read-out sums of frequency-doubled photons are proportional to the SHG responses. The polar plots were acquired through rotating φ for p-out and s-out configurations. Specific SHG configuration and the fitting equations of the results can be found in our former researches 32 .
THEORETICAL CALCULATIONS
The first-principles calculation was carried out using density functional theory (DFT) with Vienna ab initio simulation package (VASP). For simplicity, a doping concentration of 12.5% was adopted by constructing a 2 × 2 × 2 supercell of PbTiO3. A Ti atom was replaced by Nb and one of the oxygen atoms in the structure was removed to simulate the oxygen vacancies, leading to a structure as Pb8NbTi7O23 (PbNb0.125Ti0.875O2.875, PNTO2.875). DFT calculations were performed within the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 33 as implemented in the VASP 34 . The projector augmented wave method (PAW) 35 was used with the following electronic configurations: 5d 10 6s 2 6p 2 (Pb), 6 3s 2 3p 6 3d 2 4s 2 (Ti), 4s 2 4p 6 4d 4 5s 1 (Nb) and 2s 2 2p 4 (O). An effective Hubbard term Ueff = U-J using Dudarev's approach 36 with Ueff = 3.27 eV was included to treat the Ti 3d orbital, and a 520 eV cutoff energy of the plane-wave basis set was used for all calculations. For structure optimizations, atomic positions were considered relaxed for energy differences up to 1 × 10 −6 eV and all forces were smaller than 1 × 10 −2 eV Å −1 . A 9 × 9 × 9 gamma-centered k-point mesh was used, and denser k-point mesh was used for density of states calculations. The atomic structure was visualized using the VESTA package 37 . Second checks of the switched status were conducted after 30 min, and the good contrasts remained, implying the stable switchable polarizations in these films. The SHG technology was also utilized to investigate the noncentrosymmetric structures of these films, shown in Figures 2c and 2f . The Figures 2c, 2f, 2g , 2h, and our previous work 38 . As the deposition partial pressure reduces from 8 Pa to 6 Pa and 4 Pa, the SHG intensity drops two orders of magnitude, illustrating the attenuation of noncentrosymmetric polar structure of these films. Besides, the increase of Ec reveals that it is more arduous to reverse the polarization in these films deposited in lower oxygen pressures. These results agree well with the corresponding strength of the polar displacements in STEM, phase contrasts in PFM, and remnant polarizations in ferroelectricity examinations above, which all indicate larger electric polarization in the films deposited under 6 Pa oxygen pressure than those under 4 Pa. The electric transport properties of these PNTO3-δ films were measured using PPMS. Figure 2j shows the temperature-dependent resistivity (ρ) from 10 K to 360 K. The resistivity of both PNTO3-δ films increases as the temperature rising, yielding the metallic behaviors. Moreover, the films deposited under 4 Pa oxygen pressure exhibit a better conductivity than those under 6 Pa.
RESULTS AND DISCUSSION
Oxygen Vacancies.
Along with the decrease of oxygen partial pressure during the deposition, PNTO3-δ films changed into FM from PM 38 with the strengthening of Ms and Mr.
Meanwhile, their conductivity improves, causing the non-neglectful leaky currents while switching the polarization of these low-pressure-synthesized samples and the weakening of noncentrosymmetric polar structure. These tendencies are attributed to the increase of Vo [39] [40] [41] [42] [43] [44] [45] [46] which were ineluctably induced into the films when depositing in low oxygen pressures. The delocalized electrons induced by the oxygen deficiencies should contribute to the conductivity and screen the polar displacements.
In order to know the oxygen content in these PNTO3-δ films, the ABF-STEM technology was engaged. The O-Nb0.12Ti0.88-O chains were chosen at the same depth from the interface to get rid of the influence of layer-dependent oxygen content variation 47, 48 . Figures 3a, 3c, and 
First-principles Calculation.
First-principles calculation was performed to inspect the coexistence of ferroelectricity, ferromagnetism, and metallic behavior in the Nb-doped PbTiO3 We believe the polar survives due to the weak coupling between the conductive electrons/holes at the Fermi level and soft mode phonons 52, 55, 56 , so that the conductive electrons/holes are not able to screen the polar completely, which makes the polar switchable in the films. 
CONCLUSION
In conclusion, we achieved the room-temperature coexistence of ferromagnetism, ferroelectricity, and metallic behavior in PNTO3-δ films by varying the deposition oxygen partial pressure. For these films grown in 6 Pa and 4 Pa oxygen pressures, the magnetic hysteresis loops are overt, accompanied with distinct metallic behaviors. Meanwhile, we manifest a tetragonal structure with the switchable polar distortions not intensively screened. This simultaneous appearance of multiferroicity and metallic behavior is also verified by first-principles calculation.
The determination of relaxed structure of 12.5% Nb-doped PbTiO3 with oxygen vacancies shows apparent polar displacements. The asymmetric non-zero spin-resolved density of states at the Fermi level reveals the existence of itinerant electrons and spin polarization in the PNTO3-δ films.
Additionally, the half metallicity of PNTO3-δ films exhibits potential diverse electric properties for electrons with different spin orientations. These findings offer a new aspect to explore and design spintronic multiferroic devices.
Supporting Information.
Structural characterization of the heterostructure, cross-sectional STEM diagram of the interface, and the electron diffraction pattern. 
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